Based on the formalism for calculating the integrated reflection power ratio of a plane mosaic crystal by using three dimensionless parameters as described in paper I [Hu (1997) . Acta Cryst. A53, 000--000], exact and universal expressions for the secondary-extinction factors in X-ray and neutron crystallography are developed that can be applied to reflections of all possible values of extinction factor, reflection symmetry and the absorption-to-scattering cross-section ratio of the crystal. The representation by three parameters gives a clear and definite physical meaning to the concept of extinction. The theory has been extended to treat the extinction of a spherical crystal, and the striking difference in the evaluated secondary-extinction factor between the equivalent single-plate and the exact method in the spherical-crystal treatment under 08 = 0 ° is explained. As a demonstration of the feasibility of using these expressions, the diffraction data for LiF and MgO crystal plates measured by Lawrence [Acta Cryst. (1972), A28, 400-404; (1973), A29, 208-210] are reanalyzed by this method. All the reflections including the strongest ones (1I,, down to 0.026) are reanalyzed simultaneously with single-valued particle size and mosaic spread as fitting parameters and allowing for primary extinction if necessary. The results (R factor = 0.014 and 0.053 for LiF and MgO, respectively) are unprecedentedly good. Furthermore, in disagreement with Lawrence, the extinction of LiF is found to be of secondary type and in the case of MgO both primary and secondary extinction should be considered. The analysis also shows that the formula Y ,,~ Yp Y is valid only for very weak extinctions and that the Harrtilton-Darwin equations are valid in a range much broader than previously anticipated.
Introduction
The treatment of extinction in X-ray and neutron crystallography is a fundamental topic in diffraction theory and has long been an important problem in structure-factor refinement. Extinction was first proposed by Darwin (1914) and described in terms of his mosaic model t Project supported by National Natural Science Foundation of China and Science Foundation of Nuclear Industry of China.
© 1997 International Union of Crystallography Printed in Great Britain -all rights reserved (Darwin, 1922) . Hamilton (1957 Hamilton ( , 1963 first studied the dependence of extinction on crystal shape. Zachariasen (1967) gave a general theoretical treatment for extinction in the X-ray case, Becker & Coppens (1974) significantly improved Zachariasen's theory and thereafter their methods have been widely used in structure-factor refinement in the limit of small extinction (less than 20%). For further investigation of this problem, Borie (1982) mentioned the importance of the absorptionto-scattering cross-section ratio. Werner (1974) gave a solution of the Hamilton-Darwin transfer equations to express the extinction factor for a parallelepiped crystal and analyzed the contributions to the extinction factor for neutrons reflected one, three and five times. One may list other papers related to this problem such as the treating of the inhomogeneity in the mosaic structure (Schneider, 1977) , the treatment of extinction for a mosaic crystal plate (Mazzone, 1981; Suortti, 1982; Palmer & Jauch, 1995) and the numerical approximation for the imperfect crystal (Wilkins, 1981) . Kato (1976 Kato ( , 1980 investigated the secondary extinction and the combination of both primary and secondary extinction with statistical dynamical theory. Sabine reconciliated different extinction theories (Sabine, 1988) and derived the extinction factor for a cubic shaped crystal (Sabine, 1995; Kampermann, Sabine & Craven, 1995) . Whatever achievements have been made by these authors, however, the problem of treatment of severe extinction remains unresolved. To deal with this situation, experimentalists have used very thin (as thin as 10 lam) crystals in their measurements in order to avoid the difficulties in determining the extinction factor due to strong reflections in thick crystals.
In this paper, the secondary extinction for diffraction from mosaic crystal plates is treated through exact solutions for the integrated reflection power ratio (here referred to as IRPR) expressions using three dimensionless parameters as described in the preceding paper (Hu, 1997 ; hereafter referred to as I). In §2.1, the two universal exact expressions for the secondary extinction in the case of plane-crystal geometry will be described in detail, as well as their behavior and their relation to the three dimensionless parameters: an asymmetry factor b, the ratio ~ of the absorption to the scattering cross section and the reduced thickness A k of the crystal. §2.2 is an extension of this theory to the case of a spherical crystal. In §3, two experimental studies of the X-ray diffraction for crystal plates carried out by Lawrence (1972 Lawrence ( , 1973a ; hereafter referred to as L1972, L1973a,b) on LiF and MgO, a long-standing test case in the analysis of diffraction data, are analyzed by our method as examples of its practical application and as a demonstration of the usefulness of the new extinction formalism.
Extinction
If there is no primary extinction, the term 'secondary extinction' may be considered as referring to the ratio between the integrated reflection power ratio (IRPR) resulting from multiple reflection and absorption within the crystal and the IRPR due to a single reflection based on the kinematic approximation without extinction. Secondary extinction for a plane and a spherical crystal according this definition is treated as follows.
Plane crystal
Just as in I, the mosaic distribution of the crystal is assumed to be Gaussian, and the diffraction geometry to be as depicted in Fig. 1 of I. Like the expressions for the IRPR of a plane crystal that appeared in I, all expressions for the secondary-extinction factor may be used here for any incident-beam width.
Single reflection for a plane mosaic crystal can in practice be considered to occur in two cases: 0 (a) For a thin crystal when the condition R n -Qto/cos 0 o is met. This is depicted in Fig. 6 of I as the straight line from the origin. For example, in Fig. 6 (a), when (o = 0.1 and ]hi = 1, this condition is satisfied only for Ako < 0.1. The physical meaning of this result is that the path length traveled by the neutron (or X-ray) should be much less than one scattering mean free path so that most of the reflected beams suffer only one reflection.
(b) For absorbing crystals, no matter the thickness, when (0 > 10. This is depicted in Fig. 7 of I. The physical meaning is that the absorption mean free path of the sample is much smaller than the scattering mean free path, and so nearly all the exit beam comes from a single reflection. The IRPR can be expressed by (30), (32) and (33) of I for Bragg and Laue cases, respectively. This is the normal case in X-ray crystallography for most of the crystals with atomic number Z > 20 and 71 > 2' and is valid also for strongly absorbing crystals in the neutron case.
For all cases other than (a) and (b), the effect of multiple reflections may not be neglected and hence secondary-extinction effects must be considered. Because single reflection can effectively occur for cases both (a) without absorption and (b) with absorption, as described above, the definition of secondary extinction can accordingly be expressed in two different forms, (a) Y~, and (b) Y,. The IRPR both for single reflection and for multiple r'eflection can be expressed in terms of the three dimensionles parameters Z,0, (o and Ako. Thus, the Y~ and Yt, can also be expressed in terms of the same parameters through variable transformation as 0 R H R°t/'l Y~" = Qt o sec 0,, -(27r)l/2A/,~j (1) Y~, = QA,./, I.
(2) From the definition of Ako and ~0 as well as the IRPR for single reflection for the Bragg and Laue cases, 
(3) for the Laue case (b = 1):
for the Laue case (b ¢1):
Note that the right sides of (3)-(5) will be (27r)l/2A~ when ((0 = 0), i.e. (2) and (1) are identical in this case.
When primary extinction occurs, Yl, Z'0 is used instead of So (Wemer, 1974) . This causes all the parameters containing So such as Ak0, ~0 that appear in (1) and (2) to contain Yp implicitly through the modified So factor. However, by definition, the denominators of (i) and (2) are the extinction-free kinematic approximation of the IRPR, so here it should be divided by Yp to restore its physical meaning when we use the three-parameter representation for treating data with extinction.
The relationship of the secondary-extinction factor to the three dimensionless parameters can be derived directly from the relationship of R ° to these parameters as depicted in Figs. 6 and 7 of I. Fig. 1 degenerate into a single curve identical to the Y~ curve for the symmetric Laue case for ~o = 0, as depicted in Fig. 1 . This is because, in the latter case, the absorption and scattering can be treated separately in the expression for the IRPR. Fig. 2 also shows that Y becomes linear /t and insensitive to ~0 only for very small Ako for the Bragg case. However, these curves disperse when A~) increases. We note that, for example, the value of Y, for ~o = 1.5 goes down to its plateau around Ako _> t, which is nearly the same Ak0 position when the IRPR reaches its saturation value in Fig. 6(a for different b in the case of ~o = 0.1 and 2.0, respectively. Fig. 3 with (0 and, unlike 11,, increases with increasing 40 and approaches the saturation value unity when (0 > 10. For example, Y --0 935 when 4. -10, which means
that tlae contribution of multiple reflections is only about 10% in the total IRPR.
Spherical crystal
When a spherical crystal of radius R is immersed in a homogeneous incident beam and the diffracted beam is collected by a detector recording the total reflecting power, we can express the secondary-extinction factor in two different forms, Y~, and Yu, just as in the planecrystal case mentioned before.
It is impossible to obtain an exact solution of the Hamilton-Darwin equations (hereafter referred to as H-D equations) for a spherical crystal except for the extreme cases 0 R = 0 and 7r/2.
We may apply the formulae for the reflection power ratio for a crystal plate in the symmetric Laue and Bragg cases deduced from equations (2a) and (2b) of I to express the reflection power ratio for 08 = 0 and 7r/2, respectively. Thus, for 0 e = 7r/2, # # 0: The IRPR for 0 B = 7r/2 and 0 can be obtained by angular integration of (6)-(8).
In order to evaluate the angular dependence of the secondary-extinction factor of a spherical crystal, a proper expression of the angular dependence of IRPR for single and multiple reflection for a definite 08 should first be formulated. As described by Becker & Coppens (1974) and Sabine (1988) , this can only be approximately realized by interpolating from the values for 0 and 7r/2. Assume 
and S.R) (Qa',!/'7)(4o, ,,R)cos:
(lO) Sabine (1988) gave an approximate expression for the secondary-extinction factor of a cylindrical crystal with radius p for the non-absorbing case through the ratio of (9) to QV. His result for a given 08 at L'~p = 5 is smaller than the result based on numerical calculation of Hamilton (1963) with a maximum deviation of 10%. Also, the result ofA c calculated by (10) for a given 0 B at #p _< 5 is smaller than the result listed in International Tables for X-ray Crystallography (1972) (ITXCr) with a maximun deviation of 12%. So it seems reasonable to use an approximate presentation of Yu through the ratio of (9) to (10).
There are three possible methods that may be used for approximate calculation of the IRPR for multiple and single reflection for a given 0 B.
(a) The diffraction geometry may be approximated by an incident beam of area 7rR 2 diffracted from a plate with a mean path length of 3R/2. Hence, the IRPR for multiple and single reflection of a spherical crystal under 0 A = 0 and 7r/2 can be obtained by substituting 3SR/2 and 3~'~)R/2 for A k and Au) in (6)- (8) and (3), (4),
q~(4,3S~)R/2) = 7rRZ(R°i°"/rl)(4o, 3~<,R/2) (11) ~"(4,3Z,~,R/2) = 7rRZ(QA°"/rl)(4o, 3Z~R/2), (12) where q5 °B and ~" can then be approximated as in the right sides of (9) and (10), respectively. Thus, Y~, and YI, can be expressed as
where (13) and (14) are identical when 4o = 0. For consistency with Becker & Coppens (1974) , S.,~)R is used as a variable for the reduced radius in Y~, and Y (b) A better approximation is to consider the sphdre as a stack of cylindrical platelets with equal thickness dz and different radius p, parallel to the plane of diffraction defined by the incident and diffraction vectors (see Fig.  5 ). Then the multiple IRPR of each cylindrical platelet can be approximated as the diffraction from a plane platelet and a mean path length of 16p/37r with an incident beam of area 2p dz, which gives a contribution of 2R°[(0 , 16S,~,(R 2 -z2)l/2/37r](R 2 -z2) 1/2 dz.
The corresponding IRPRs for single reflection by non-absorbing and absorbing spherical crystals are, respectively,
and ,0R)
The IRPRs for multiple reflection are Z,,,R)
Then, q~OB and ~2 °8 can be approximated as in .the right sides of (9) and (10), respectively. Thus, we obtain the expressions
(c) The third method is to consider the sphere just as a sphere. The corresponding IRPRs for single reflection by a real absorbing spherical crystal can be expressed by 03:*
where V is the volume of the sphere and A is the transmission coefficient. From ITXCr (1972) , the exact expressions of A for 08 = 0 and 08 = 7r/2 are
Hence, 
* The following formulae should be used instead of (22) and (25) when (0S.~oR < 0.02: (i) the IRPR for single reflection by an absorbing cylindrical platelet:
(ii) the corresponding IRPR for single reflection by an absorbing spherical crystal:
For calculating the IRPR for multiple reflection, the sphere is again considered as a stack of cylindrical platelets. Following Hamiliton (1957) , the diffraction by a cylindrical platelet can be considered as being composed of an infinite number of pencil beams with different path length in a platelet. Here the exact values of IRPR for multiple reflection of each platelet at 0t~ = 0 and 7r/2 can be calculated for both absorbing and non-absorbing cases; thus, the exact value of R°H for a spherical crystal for 0 r = 0 and 7r/2 can also be evaluated.
The corresponding IRPR for multiple reflection by a cylindrical platelet is 2p(R° /'I) ((,, , X,,,P) 
The IRPR for a cylindrical platelet under 0j~ -7r/2 and 0 when (o :/: 0 can be calculated by substituting (6) to (8) into (27), respectively. And, when ~o = 0, they can be calculated by substituting (7) and (8) into (27), respectively. By transforming the variable from p into z, the IRPR for multiple reflection by a spherical crystal is
Then, ~h °'~ and "(;~" can be approximated as in the right sides of (9) and (10). Thus, we obtain the expressions rv(~o, S,oR ' OB ) = 3~"((,,, X,.oR)
From (25)-(29), we note that both ~,b 3 and ~h 3 are proportional to 1/S,2o. Thus, the ratio between them, Y, is only a function of (o and S~R.
In the supplementary data,* tables list the values of q5 ° and ~3/2 for different ~o and S~R. These tables were calculated based on an arbitrarily chosen O,"r/2 * Tables of d~ and 3 have been deposited with the IUCr (Reference: CR0503). Copies may be obtained through The Managing Editor, International Union of Crystallography, 5 Abbey Square, Chester CH 1 2HU, England. ~',o = 40.0cm -I. Thus, for calculating 11, or Y,, the same value of S o should be used for the denominator of (30) and (31).
The IRPR and hence the Y,,, Y, derived from the three different methods may deviate from each other quite appreciably in some cases. We take the extreme case 0 r = 0 as an important example.
For 0//--0 and when absorption is very low, i.e. ~o ~-0, the values of IRPR for multiple reflection as well as Y derived from the three methods are similar. tt However, for the case of (0 > 0.5 and (0SoR > 1.5 (i.e. R > 1.5/#), the situation changes drastically. Physically, the increase of ~0 or S oR means the increase of the opacity at the center region of the sphere and the slow movement of the main part of the exit diffracted beam toward the periphery of the sphere. For the single-plate approximation (a), this effect is completely overlooked. For method (b), only the exit diffracted beam close to the polar region of the sphere along the z direction is considered, while the penetration of the diffracted beam around the periphery other than the polar region is still overlooked. Only method (c), the exact approach, considers all these effects. Thus, for example, the IRPR calculated from method (b) for (o = 1, S oR = 6 and 0 B = 0 is 16.8 times larger than that from (a), while method (c) gives an IRPR value 4.3 times larger than that from (b). Fig. 6 depicts the dependence of Y V' tl on ~oR at 0u = 0 from the three different methods. Method (a) gives a curve similar to the curve for a plane crystal for the symmetric Laue case (see Fig. 2 ), with Ako --3Z~0R/2, but both methods (b) and (c) give higher values of Y, for the same S oR. This is because, for a defined S oR, the equivalent mean path length of the cylinder plate for method (b) contributing to the main part of the diffracted beam of the sphere will decrease with increasing (0, and this in turn will lead to the increase of Y,. The Y from method (c) is larger since in • t this method more periphery effect has been considered. Y~, is nearly the same from the three different methods, the Y, versus S,oR curve is similar to that of a plane crystal under symmetric Laue geometry (see Fig. 1 ) if 3S, oR/2 is used instead of A k as the abscissa. These curves decrease very quickly at large (0. This diffraction behavior is similar to that under small 0 r. Y~ or Y, is nearly the same from the three methods for 0 e = 7r/2. Fig. 7 depicts the dependence of S,0R on the exact values of Y, for 0 r = 0 and 0 r = 7r/2.
For a non-absorbing crystal, when sin 0 r -0.05, the Y~, (or Y,) are 0.1445, 0.0808 and 0.0308 for S oR = 5, 10 and J0, respectively; while the corresponding values given by Becker & Coppens (1974) (BC) are 0.1476, 0.0802 and 0.0256. The difference between the results from this work and those from BC is 18% for S oR = 30. One can see from Fig. 8(a) that our secondaryextinction factor Y for 0 r = 7r/6, 11, = 0 calculated by method (c) is in good agreement with those of BC. The Y~, are 7.9 and 5.9% smaller than BC at ZToR = 5 and 30, respectively. For ~0 = 1, S+R < 3, the maximum difference of Y between our result and that of BC is t t 5.3%, while the value given by Zachariasen (1967) is 11.6% larger than ours.
We note that a dip always appears in the Y, versus ~',,o curves when {0 > 0.1, as shown in Fig. 8(c) . This seems reasonable when the Y~, versus Ak( ) curves for a crystal plate under symmetric Bragg and Laue cases, as shown in Fig. 2, are examined, since the diffraction geometry for a spherical crystal is assumed to be a combination of the two cases. However, in BC and Zachariasen's curves almost no dip appears. We also note that the Y for a spherical crystal approaches the corresponding saturated value for a plane crystal under Bragg geometry for 0 B = ~-/6, ~o~'.,0 R > 10, i.e. when R > IO/IL. This also seems reasonable.
In comparing the observed extinction factor with the calculated secondary-extinction factor Y~,, one should note that the observed integrated reflecting power p; is Y"S0 R (c) Fig. 8 . Comparison of Yt, calculated by method (c) at 011 = 7r/6 with the results given by Becker & Coppens (1974) and Zachariasen (1967) stopping at (o~,oR = 4, beyond which no 7"H value (Rigoult & Guidi-Morosini, 1980) is available for calculation.
where Lp is the Lorentz-polarization factor and A is the transmission coefficient for a spherical crystal, which is a function of 0 n and ltR (International Tables for Crystallography, 1995) (ITCr). The observed extinction F2 / F 2 where factor Yo can be evaluated through 1I,, = o, c, F o is the observed structure amplitude.
Application of the theory of extinction to a real plane crystal
In most of the real single-crystal cases, even the nature of the extinction, i.e. primary or secondary type, has remained confused until now. To demonstrate the applicability of our extinction theory to a crystal plate, we take two examples. For LiF single crystals, extinction is a problem that has been debated for more than 20 years (Zachariasen, 1968; L1972; Killean, Lawrence & Sharma, 1972; Becket & Coppens, 1974) . The other example is MgO, which exhibits very strong extinction. The extinction factor for some of its reflections can be as low as ,~ 0.05 (L1973b) and so its treatment becomes very difficult.
LiF single crystal
All the original experimental data of LiF are taken directly from the original publications (L1972; L1973a,b) .
The atomic scattering factors are from ITXCr (1974).
The very small anomalous-dispersion correction is neglected. Lawrence measured the IRPR of 46 sets of symmetry-equivalent reflections, corresponding to about 100 b values, for a large plane LiF single crystal (NaCI structure, a = 4.0262,~, t o = 0.139cm, with Mo Kc~ X-radiation, A = 0.7107,~, # = 3.4cm-1). The results are listed in Table 1 in which: (i) The calculated ~. is the mean value of Y for all the equivalent reflections for different Bragg a~d Laue cases. For example, the reflection 331 includes four Laue cases with b = 2.307, 0.4333, 1.218 and 0.8210, giving A, = 0.0656, 0.1514, 0.0828, 0.1009; the value of II,, for the first two reflections is 0.914 and for the latter two is 0.942, and thus ~. = 0.928 is the overall mean value.
(ii) All the reflections were simultaneously included in the fitting process. A revised scale factor of 1.1 and three fitting parameters, ~1 = 0.58', BLi --1.02 and This shows that the agreement is very satisfactory, particularly when one considers that all the reflections are included. We also note that (i) the fitting parameter rl -0.58' corresponding to a FWHM of 82" is much larger than the 2.3" Darwin width for the 200 reflection and (ii) the radius of the mosaic block r ~ 2 × 10-6m measured by Killean et al. (1972) through the dislocation density is much less than the extinction distance A = 1.2 × 10-Sm for the 200 reflection with A = 0.7107 A,. All these suggest that extinction of LiF is of the secondary type, in agreement with Killean, Lawrence & Sharma (1972) who used the same batch of LiF crystals as Lawrence, and not the primary type as Lawrence (1972) and Becker & Coppens (1974) claimed.
MgO single crystal
For a detailed analysis of the very strong extinction in X-ray diffraction by an MgO single-crystal plate, the original experimental data of Lawrence (1973b) are used. MgO has the NaC1 structure (a --4.213/~, t 0 = 0.151 cm) with Mo Ko~ X-radiation (A = 0.7107,~), /z = 10.2cm -1. All the N'(N 4 --77) sets of Laue and Bragg cases for symmetry-equivalent reflections were listed and reanalyzed separately. During the analysis we found:
(i) When secondary extinction is considered alone, the best fit (r/= 0.052', B M = 0.30, Bo= 0.345/~2) gives rather large values, R g-0.103, ~] ]ZIYI/N' = 0.0592. There is a systematic deviation between the calculated values for the Bragg and Laue cases and the corresponding data cannot be matched by adjusting the parameters. These results indicate the existence of primary extinction that should be calculated together with secondary extinction.
(ii) For this purpose, ,StaY p is inserted into (2) instead of Ss0 (Werner, 1974) . The primary-extinction factor Yp is calculated by the method of Becker & Coppens (1974) , and the readjusted parameters after the introduction of both primary and secondary extinction are 'r/ --0.20', r --38 l.tm. The Debye-Waller factors BMg = 0.30, B o --0.34/~2 are identical with Lawrence's (1973a) fit for his small MgO sphericalcrystal case. The results for the extinction factor and some related parameters for both the Laue case and the Bragg case are listed in Tables 2 and 3, respectively. Just as in the LiF case, the minimum value of the R factor and of ~ ]AY]/N' is obtained by manual adjustment without the use of a least-squares program.
The final results, R = 0.0533, ~ IZ~YI/N' = 0.0376, show a noticeable improvement compared to results for secondary-extinction correction alone.
Note that several columns of the parameters after Y in Table 2 and Table 3 Werner's treatment instead of using the value Yp y~. The value r = 38 l, tm may be slightly too large in comparison with the result of L(1973b) for MgO but our purpose here is not to determine the value of r but to explain why a small primary-extinction factor at low-angle reflection is required for a good fit. The ultimate test of the validity of this method will require experiment with different values of A. The values of Y~, for the MgO 200 reflection evaluated with the same R H, A~ and r/value listed in Tables 2 and   3 for the Laue and Bragg cases are 0.0042 and 0.0019, respectively. The values of Y~ for the 933 reflection are 0.034 and 0.22 for the Laue and Bragg cases, respectively. One can see that in an absorbing crystal the values of Y~, for Bragg geometry remain small even for a very large reflection angle such as sin ~)8/A = 1.18/~-1 This means that the scaling factor would be inaccurate if Y~, were used for data reduction in such a case.
There are several factors that make the R value for MgO larger than for LiF. The first is the very strong extinction in MgO, in which most of the observed extinction factors for the Bragg case are larger than for the corresponding Laue case. Thus, L(1973b) listed them separately but in LiF the listed values are the mean for the two cases, which is easier to fit than if they are treated separately. L(1973b) remarked in his MgO work: 'The observed structure factors for a set of symmetry-equivalent reflections whose planes diffracted with Laue-type geometry were the same, as were those with Bragg type'. However, from Tables 2 and 3, one can see that for a set of symmetry-equivalent reflections the calculated structure factor usually will be different for different b. The difference in some cases may be as large as 20%. The co-existence of primary and secondary extinction in MgO also makes the fit more difficult.
From the above analysis, one can see that it is necessary, for an accurate determination of the structure factor from a single-crystal sample, to ensure that:
(a) The sample is of good quality with homogeneous mosaic spread throughout and free from any deformation. Its surface should be properly treated by mild etching and the size of the plane crystal should be large enough to cover all the reflected beam with the reception width of the detector sufficiently wide. It is also desirable to make a preliminary test run to estimate the mosaic spread of the sample to see if the thickness of the sample is reasonable.
(b) When a set of symmetry-equivalent reflections for a plane crystal is measured, it is desirable to treat the Bragg and Laue cases for different b values separately. For an absorbing plane crystal, it is better to analyze the same set of data with both Y~, and Y~, considering that Y~, decreases with increasing ~0 and Y~ increases with increasing 40 (see Figs. 1 and 2) . The agreement between the values of Fco r obtained from the two ~' s can be used as a criterion for the correctness of the chosen scaling factor, ~7, and the Debye-Waller factors.
Conclusions and discussion
The re-analysis of the experiments LiF and MgO yield very good fits, showing that simple, exact and universal expressions for the secondary extinction for a crystal plate can be obtained and can be extended to the spherical crystal with satisfactory results. Hereafter, all seriously extinguished reflections in single-crystal diffractometry may be accessible for data analysis in observed and calculated structure factors and the observed and calculated extinction factor for Lawrence's (1973b) traditional crystallography, in particular for the case of by measuring the IRPR rather than relying on angular long-wavelength X-ray diffraction and also for the case measurement and the direct evaluation of the value of where absorption has to be considered and the low-angle # for neutron diffraction when the inelastic scattering information is important, as in neutron diffractrometry effect is included. for a magnetic structure study of rare-earth compounds.
The applicability of this theory, obviously, is for The present method also offers other possibilities, such crystals with small mosaic blocks and large mosaic as the evaluation of the mosaic spread of a crystal spread. For the other extreme case, i.e. a perfect plate crystal where coherent diffraction dominates, one can gave an adequate treatment of its primary extinction. The problem, however, is how far this theory can be extended. The two conceptual difficulties involved in crystals with relatively large mosaic blocks and small mosaic spread have been pointed out by Werner (1974) . Kato (1976 Kato ( , 1980 and Kawamura & Kato (1983) suggested that the H-D equations hold as far as "r e < A, where A is the extinction distance and "r2 is the correlation length of the phase factor; his criterion, in fact, is a minimum allowable 7/ when the wavelength and reflection plane are defined. Becker (1977) suggested that the H-D equations with Z'~_Y instead of S, should _ " p ' be valid as far as l < A, where l is the mean size of the mosaic blocks. Keeping this criterion in mind, one can see from analysis of the MgO experiment that the fitting parameter of block radius r = 38 lam already exceeds the A value of 7.3 × 10 -6 m for the 200 reflection, i.e., by Becker's criterion, the primary extinction is too large for the ~'~Yp treatment. However, the other parameter zl = 0.2', corresponding to a "r2/A value of 0.1, is within the range of applicability for the H-D equations set by Kato; the mosaic spread 28.3", evaluated from the fitting value 71, is much larger than 3.85", the value of the Darwin width of the 200 reflection. The relatively good agreement with experimental values of extinction factors for MgO suggests that the criterion set by Becker may be too strict. All these, however, are tentative and a final judgement may require further verification and should include comparison with carefully prepared experiments carried out using several different wavelengths. Through refinement of the data for LiF, we believe that secondary extinction may still dominate for a particular reflection at very low Bragg angle provided that (i) the size of the mosaic blocks is much less than A for that angle, and (ii) "r e < A.
This method is adequate for a plane crystal in the asymmetric case. However, for an extremely asymmetric Bragg case when the angle of grazing emergence is of the order of a few minutes, i.e. b < -150, the nonapplicability of the H-D equations (Sears, 1996) should be considered.
Anisotropic extinction resulting from anisotropy in a mosaic structure can also be included in the formal theory by allowing ~/ and l in S Y to depend on the Miller indices of the reflection (17"~r, 1995 
